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Abstract 
This paper presents for the first time an investigation on the creep damage evolution of an ex-
service CrMoV pipe section through impression creep test and metallurgical inspection data. 
The study emphasises the importance of correlating the operating conditions (temperature and 
stress) of power plant components with the results from metallurgical examinations and small 
specimen creep tests. 
The paper seeks for a correlation among micro- and macro-hardness measurements, surface 
replicas data and minimum creep strain rates (obtained by impression creep tests) of the parent 
material of the pipe section. Also, optical and SEM micrographs have been used to assess 
possible metallurgical differences through the thickness of the pipe section. This investigation 
shows how miniature creep test specimen data could be practically used in a holistic approach 
for the evaluation of life consumption of power plant components and concludes that the 
studied parent material could have been retired from service too early. 
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1 Introduction 
In order to assess repair ranking and replacement strategies of power plant components, which 
are commonly operating far beyond their designed life, power plant utilities generally carry out 
off-load and on-load monitoring [1, 2]. Conventional off-load monitoring can comprise passive 
strain measurement, material composition checks, surface creep replicas and surface hardness 
data at room temperature [1, 3]. 
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On-load monitoring comprises routinely recording of steam temperature and pressure data at 
selected key points in the process system, in order to evaluate the Creep Effective Temperature 
(CET), defined as the average temperature at which all of the creep damage can be equated to 
[1]. The calculation of the creep rupture life by means of CET gives a value of creep rupture 
life that depends on stress and temperature. This method can give the reduction in creep rupture 
life of the component due to variation in temperature or stress; however the analytical 
sensitivity to modest increases in operating conditions makes planning the scope of subsequent 
outages or replacement exercises, based on this information, fraught with uncertainty, which 
can lead to possible premature replacement of large sections of pipework [1]. 
It is clear that the current approach for the evaluation of life consumption is based on 
experiential knowledge and on a limited use of analytical methods [1, 4, 5]. 
Miniature specimen creep testing techniques could be successfully used together with the 
currently used condition assessment methods in order to provide a more predictive life 
assessment approach [1]. As opposed to the conventional uniaxial creep tests, miniature creep 
testing techniques require only a small volume of material to machine the specimen and can be 
successfully used to collect creep properties of critical regions of power plant components, 
including, for examples, welds with heat affected zones and around pipe bends. Moreover, 
miniature creep testing techniques can be treated as quasi-non-invasive methods and do not 
always require weld repair when samples are carefully removed (scooped) from in-service 
components as long as, for example, the maximum excavation depth does not exceed 10% of 
the wall thickness of the main steam pipe [6-8]. The location selected for the removal of the 
material requires careful consideration of past inspection findings and may require some level 
of re-inspection at subsequent outages. 
The aim of this work is to compare the capability of the different techniques by characterising 
the through thickness behaviour of a 46-year-aged CrMoV pipe section by means of 
conventional and unconventional testing methods. In particular, among the conventional 
methods, surface replicas and surface hardness data will be considered. For unconventional 
testing method a miniature creep testing technique, such as impression creep test, will be briefly 
described and used to assess the creep properties of the material through the thickness of the 
pipe section [9-11]. Through thickness hardness data could also be potentially related to 
minimum creep strain rate data obtained by means of impression creep tests, which is explored 
in this study. In addition, examinations of other aged ex-service CrMoV pipe material is 
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discussed and conclusions are drawn with reference to the detailed examination of the 46-year-
aged CrMoV pipe section. 
2 Experimental work 
2.1 Material  
The tested material was removed from service in 2014, after initial installation in 1968.  It is a 
plain, low-alloy steel CrMoV pipe section that also contains a weld, with a site reference 
designation BW61. The plain pipe material section, containing weld BW61, was removed from 
main steam leg B1, with orientation illustrated in Figure 1, where the dotted lines represent the 
pipe section upstream the pipe section studied in this paper. Hence, the straight piece of 
material removed is just upstream of a 90 degree vertical bend. 
The material specimen was removed from service in 2014 for examination to help support 
limited continued operation of other operating units until a full pipework replacement could be 
undertaken. At the time of removal, the pipe section had undergone 271,770 hours and 2739 
unit starts. 
The pipe section has an internal radius of 120 mm and an outer radius of 180 mm, therefore 
the thickness of the pipe is 60 mm, which, for convenience, in the present study, is expressed 
in terms of the current radius, r, ranging from 0 to 60 mm. 
Section 2.2 provides further details on prior in-service examinations and operating history. 
 
Figure 1. Pipe section orientation. Dotted lines represent the pipe section upstream the pipe section take into account in this 
work, which is represented by solid lines. Approximate pipe system positions represented by A, B and C. 
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2.2 Operating history and prior examinations 
Section 2.1 describes the position of the section in main steam leg B1 and age on removal.  The 
last in-service inspection was undertaken in 2009, with a service duty of 242,773 hours and 
2522 unit starts. The in service pressure was 168 bar; it may have varied a little in service, up 
to ~ 170bar, when the unit was on full load. These pressures are typical for all the large 
conventional plant designs in the UK. The only available in-service data related to the specimen 
operating conditions and in-service strain rate indicates that the creep effective operating 
temperature is slightly less than the design temperature and with a creep strain rate of ~ 4.2 x 
10-8 h-1 
Table 1 provides the metallurgical parent material assessments undertaken during the 2009 
outage for the material specimen and a selection of adjacent pipe sections both upstream and 
downstream. In Figure 1, location SBW13-BW61 adjacent to weld SBW13 is indicated with 
A, location SBW13-BW61 adjacent to weld BW61 is indicated with B and location BW61-
BW62 tangent position, downstream of weld BW61, is indicated with C.  
Table 1. Outage parent material metallurgical assessment in 2009. 
Pipe section location 
on leg B1 (Ref Figure 
X1) 
Details of position in 
relation to the pipe 
weld 
Surface creep 
replica assessment 
Hardness 
(HV) 
SBW13-BW61 
(Position A in Figure 1) 
Adjacent to weld 
SBW13 
Low orientated 139 
SBW13-BW61 
(Position B in Figure 1) 
Adjacent to weld BW61 Isolated 141 
BW61-BW62 
(Position C in Figure 1) 
Tangent position, 
downstream of weld 
BW61 
Clear 139 
For convenience the creep cavity count assessment level criteria used in this study is defined 
in Table 2 [1]. 
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Table 2. Creep replica assessment level. 
Replica Assessment 
Level 
Definition Creep Cavities per mm2 
1 Clear 0 
2 Very Isolated 1-10 
3 Isolated 10-50 
4 Low Orientated 50-250 
 
5 
Orientated (Including High 
Orientated) 
 
250-500 
6 Grouped 500-1000 
7 Aligned 1000-1500 
The condition of the parent material adjacent to weld BW61 is of interest, considering the creep 
replica assessment of the weld that reports high orientated creep damage. 
The adjacent straight section immediately upstream of BW61 was also removed in 2014 and 
subjected to a through section creep replica assessment. 
Periodic assessments of the operating conditions are undertaken at various stages in life, 
typically this involves obtaining a six-month block of steam temperature and pressure data and 
computing the creep effective temperature (CET), which is explained in detail in [1]. For leg 
B1, the design temperature is 568 °C and the most recent CET estimates for this leg were 564 
°C in 2005/2006 (operating duty 215,866 hours and 2295 unit starts) and 559 °C in 2010. 
Diametral strain measurements are also periodically carried out at various strategic locations 
on the pipe system, usually targeting circa three locations on the pipe system, towards the top 
at the boiler outlet, a mid-section position and finally one towards the high pressure steam 
chests. These measurements, taken with a site micrometer over creep pips installed on the outer 
diameter, can be prone to inconsistency and error [1]. Various main steam diametral 
measurements on main steam leg B1 have been taken since first unit operation in 1968.  For 
this data, taking the worst case two successive measurements, this converts to a strain rate over 
the period 1999 to 2009 (59,733 hours) of 4.2 x 10-8hr-1. This subsequently can be converted 
to a minimum creep life of ~ 310,000 hours. Other reviews [1] describe case studies with 
similar diametral measurements, along with the shortfalls.   
In summary, the available information on operating conditions and prior inspection history 
related to the specimen examined in this study indicates an advanced age at 271,770 hours, but 
with some indicators of adherence to design operating limits due to historical CET studies. It 
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is noted that based on very limited diametral strain measurements that the parent material may 
be > 85% creep life consumed (based on minimum creep properties). 
Hence, the laboratory examination and testing of the selected section (weld BW61 and parent 
material indicated with B and C in Figure 1) is necessary, which aims to further assess the 
condition of the material status with a variety of techniques, to seek any realistic correlations, 
and to make practical recommendations on the use of the techniques on service aged materials. 
2.3 Test program 
The parent material composition, in wt%, is reported in Table 3 and it has been taken from the 
outer surface of the BW61 pipe section. This study only concerns the pipe section parent 
material. The test program aims to characterize the material behaviour through the thickness of 
the pipe and by the collection of room temperature data, such as hardness, surface replicas, and 
high temperature data from impression creep tests (ICTs). The impression creep tests have been 
carried out at a temperature of 575 °C, at three reference stresses of 110, 130 and 150 MPa. 
Table 3. Material composition in wt% of the tested material. 
C Si Mn P S Cr Mo Ni 
0.176 0.330 0.580 0.0186 0.0266 0.388 0.578 0.103 
Al Co Cu Nb Ti V W Pb 
0.0959 0.012 0.1660 <0.005 0.0059 0.381 0.124 <0.050 
Figure 2 (a) shows a schematic representation of the selected pipe section (weld BW61 and 
parent material indicated with B and C in Figure 1) from which the test samples have been 
machined and Figure 2 (b) shows the pipe section and the location of weld and ICT specimens 
(see Figure 1 for the section and steam flow orientation during service). 
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Figure 2. (a) Schematic representation of the pipe section from which the test samples have been machined (dimensions in 
mm), and (b) the pipe section and location of weld and impression creep test specimens. 
2.4 Microstructure 
For the microstructure investigation of the as received material, four specimens, T1, T2, T3 
and T4 (from the outer to the inner surface), have been machined through the thickness of the 
pipe section and away from the weld as far as possible. The samples dimensions are 10x10x2.5 
mm. Optical micrographs and SEM images have been taken from the centre of each sample 
and are showed and descripted in Section 3.1. 
2.5 Hardness and replica 
2.5.1 Hardness tests 
Hardness tests were carried out along the length of a slice, similar to that shown in Figure 2 
(b), of 200 mm length along both the inner and the outer surfaces in five different positions. As 
a general rule for obtaining a successful hardness value, every indentation must be carried out 
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at a distance of at least 3 or 4 times the length of the indentation diagonal (in μm) [12, 13]. 
Therefore, in order to assure enough distance among the indentations and between indentations 
and borders, only four measurements had to be considered for each position. The tester machine 
used for the tests was a Vickers-Armstrongs HTM 2000 and the load used was 20 kgf. 
Micro-hardness tests have been carried out on the specimens T1 to T4 in order to assess a 
potential variation in hardness through the thickness of the pipe. In the axial direction 20 
measurements were taken, while in the radial direction only 10 measurements were taken as 
the scatter in data was low (of the order of 10-20 HV). The tester machine used for the tests 
was a Buehler 1600-6400 and the load used was 0.5 kgf. 
2.5.2 Surface replica for creep cavity count   
The replicas were assessed for cavitation levels using an optical microscope at a magnification 
of 500x. As shown in Figure 3, where r and a indicate the radial and the axial directions of the 
pipe, respectively, assessments were taken at four different positions along the hoop direction 
on the slice of material: two positions in the parent material (location I and IV in Figure 3), one 
through the centre of the weld (location II in Figure 3), and one coincident with the Type IV 
region of the HAZ (location III in Figure 3). Cavity count assessments were carried out starting 
from the outer surface of the pipe fully through wall in the radial direction at 6-7 mm intervals, 
resulting in a through wall cavity profile (10 readings in total for each position along the hoop 
direction). For parent and weld material assessment, two readings were recorded as “Peak”, 
that is the maximum number of cavities observed in one field of view, and “Background”, that 
is the average number of cavities observed over a number of fields. These readings were then 
converted into a reading of cavities/mm2. In the Type IV region only peak values were 
considered. 
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Figure 3. Position of replicas. 
Micrographs of typical cavity count are shown in Figure 4, which illustrates a surface replica 
of a 0.5CrMoV steel main steam line weld. In this example, a high creep cavity count was 
assessed at 842 cavities/mm2 (dark features in Figure 4) [1]. 
 
Figure 4. Weld Type IV region of a main steam pipework weld, surface replica taken 5 mm below the outer surface at (a) 
x200 magnification and (b) x500 magnification, from Ref. [1]. 
2.6 Stationary state creep in thick cylinder 
For an internally pressurized thick cylinder the principal stresses are the hoop stress, σϴ, the 
radial stress, σr, and the axial stress σa, that depend on the internal pressure, p, the Norton’s 
material constant, n, and the inner and outer radii, Ri and Ro respectively, and vary with radial 
position r, accordingly to equation (1) [14]. The effective stress that occurs in the cylinder 
during stationary creep state is σeff defined as in equation (2) [14]. 
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(2)  
The effective creep strain rate, 𝜀?̇?𝑓𝑓, for a material obeying the Norton creep law, is given in 
equation (3), where B is Norton’s material constant [14]. 
𝜀?̇?𝑓𝑓 = 𝐵(𝜎𝑒𝑓𝑓)
𝑛
 (3)  
During service, according to equation (3), the effective creep strain rate decreases through the 
thickness of the cylinder. Integration of equation (3) will give the effective creep strain curve, 
through the thickness of the cylinder, against time for primary and secondary creep. 
2.7 Impression creep tests 
Impression creep testing consists of applying a steady load to a material by means of a flat-
ended rectangular indenter. Figure 5 (a) and Figure 5 (b) [15] show the typical specimen 
geometry and a schematic diagram of load arrangement, respectively, where d is the indenter 
width, w, b and h are the width, the length and the thickness of the sample, respectively. The 
geometry dimensions used for the tests are those recommended by Sun et al.: w = b = 10 mm, 
d = 1 mm, h = 2.5 mm  [16]. During the test, load and temperature do not vary with time. The 
test output is the displacement versus time curve, measured through a linear variable 
differential transducer (LVDT), characterised by the first and second stages only because the 
specimen is not taken to rupture. Small deformation assumption is adopted for such a test. 
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Figure 5. (a) Impression creep test specimen adapted from ref. [16] and (b) schematic diagram showing the specimen 
loading arrangement, adapted from ref. [15]. 
For impression creep test a Standard Code still does not exist, therefore these type of tests have 
been carried out following University of Nottingham’s practice. The tested material is assumed 
to obey Norton’s creep law, here given in equation (4), where B and n are material constants 
depending on the testing temperature, 𝜀?̇?𝑠
𝑐  is the creep strain rate in the steady-state (minimum 
creep strain rate), and 𝜎 is the applied stress. Therefore, the reference stress method [17-19] 
can be adopted to calculate the reference stress parameters, η and β, that allow to establish a 
relationship between the equivalent uniaxial stress, σref, and the applied force during impression 
creep test, P, and to establish a relationship between the equivalent creep strain rate in the 
steady state of the uniaxial test and the impression creep displacement rate Δ̇𝑠𝑠
𝑐 , obtained by 
impression creep test. These relationships are expressed in equations (5) and (6), where ?̅? is 
the applied mean pressure and P is the applied load. The conversion parameters are non-
dimensional constants, independent upon material and test temperature. Those used to convert 
the uniaxial creep reference stresses of 110, 130 and 150 MPa are η = 0.43 and β = 2.18, as 
suggested by Hyde et al. in 2009 [9]. Therefore, the applied loads for impression creep tests 
are 2558.14, 3023.26 and 3488.37 N. 
𝜀?̇?𝑠
𝑐 = 𝐵𝜎𝑛  (4)  
ε̇ss
c (𝜎𝑟𝑒𝑓) = 𝐵𝜎𝑟𝑒𝑓
𝑛 =  
Δ̇𝑠𝑠
𝑐
𝛽𝑑
 
 (5)  
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𝜎𝑟𝑒𝑓 = 𝜂?̅?,       ?̅? =
𝑃
𝑏𝑑
 
 (6)  
By representing equation (4) in an alternative form, such as equation (7), a plot of 𝐿𝑜𝑔(𝜀?̇?𝑠
𝑐 ) 
versus 𝐿𝑜𝑔(𝜎) will produce a straight line [14]. The slope of the best linear fitting is the 
material constant n, and the intercept is Log(B). 
𝐿𝑜𝑔(𝜀?̇?𝑠
𝑐 ) = 𝐿𝑜𝑔(𝐵) +  𝑛𝐿𝑜𝑔(𝜎) (7)  
For this work, impression creep test specimens have been machined through the thickness of 
the pipe section according to Figure 2 (a) and Figure 2 (b). A summary of the test program is 
collated in Table 4. All of the specimens have been tested at 575 °C. 
Table 4. Impression creep test program. 
Sample 
Position through the thickness (centre of the 
specimen) from the inner bore 
Reference stress in 
MPa 
 
1 
 
20 mm 
110 
130 
150 
2 34.3 mm 
110 
130 
 
3 
 
49.6 mm 
110 
130 
150 
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3 Characterisation of the pipe section material 
3.1 Microstructure investigation 
The optical micrographs presented in Figure 6 (a) to Figure 6 (d) show the microstructure of 
the specimens T1 to T4. From this optical investigation, significant differences in the 
metallurgy among the samples cannot be revealed, but it is possible to note a progressive 
increase in the grain size from the outer to the inner surface. This can be due to both 
manufacturing and in-service creep. The hoop stress varies through the wall of the pipe due to 
internal pressure loading being maximum in the inner surface, and on some pipe sections, pipe 
system bending loads may also act to increase this through section stress gradient. SEM images 
of the specimens T1, T2 and T4 were also taken and they are illustrated in Figure 7 to Figure 
9. Grain boundary precipitate has been found in all of the specimens, as shown in Figure 7 (a) 
to Figure 7 (d) and in Figure 9 (a). A small number of cavities was only observed in the T1 
sample (see Figure 8 (a) and Figure 8 (b)), while some inclusions were found in all of the 
analysed specimens (see Figure 7 (e) and Figure 7 (f)). The detachment of the grain boundary 
from the matrix, showed in Figure 8 (a) and Figure 8 (b), is mostly due to creep, while the 
inclusions presented in Figure 7 (e) and Figure 7 (f) are considered due to manufacturing. 
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Figure 6. Optical micrographs of specimen  (a) T1, (b) T2, (c) T3 and (d) T4. 
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Figure 7. SEM images of specimens (a) T1 and (b) T4; details of the grain boundary precipitate of specimens (c) T1, (d) T4; 
inclusion in specimens (e) T1 and (f) T4. 
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Figure 8. (a) SEM image of a cavity in specimen T1 and (b) detail of the cavity. 
A sub-micron precipitate phase in the matrix of sample T2 and a rather coarse grain boundary 
precipitate, which might be an alloy carbide, have also been found, as shown in Figure 9 (a). 
The spectrum of the chemical composition of such precipitate is shown in Figure 9 (b) and 
reported in Table 5 for clarity. The concentration of heavy metals, excluding iron, results in 
28.75%, which is higher than the 3% precipitates found in the outer surface of the pipe section 
(see Table 3). This means that the matrix surrounding the grain boundary precipitate is weaker 
than the matrix in the outer surface as, due to creep, it has lost most of the elements commonly 
used to strength a 0.5CrMoV material because of their migration to the grain boundary. 
However, this characteristic grain boundary precipitate was rarely observed in the analysed 
specimens. 
 
Figure 9. (a) SEM image of precipitate and (b) spectrum of the chemical composition of precipitate in specimen T2. 
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Table 5. Chemical composition of precipitate in specimen T2. 
Element Weight% Atomic% 
O 2.25 7.73 
Cr 8.56 9.06 
Mn 8.40 8.42 
Fe 69.01 68.03 
Mo 11.79 6.76 
Total 100.00 100.00 
3.2 Hardness and replica investigation 
Macro hardness values along the length of the pipe were found to be consistent in both the 
inner and the outer surfaces and are here plotted in Figure 10 (a) and Figure 10 (b), respectively. 
Standard deviation, mean, maximum and minimum values of the hardness data for each 
position are collated in Table 6. Very large scatter in hardness data at the weld position was 
observed, meaning that those data cannot be used in a predictive lifing model. This very large 
scatter in the readings in the weld are unusual based on macro hardness sampling of other 
similar weldments [1]. 
 
Figure 10. Hardness values along the length of the pipe section on the (a) inner and (b) outer surfaces. 
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Table 6. Standard deviation, mean, maximum and minimum values of the hardness data. 
Inner Surface 
 Mean (HV) Std (HV) Min (HV) Max (HV) 
3 mm 153.75 2.17 150.6 155.4 
50 mm 150.43 1.76 148.6 152.3 
97 mm 194.45 29.14 168 221.10 
144 mm 152.73 3.85 148.20 157.60 
191 mm 152.70 2.69 151.10 156.70 
 
Outer Surface 
3 mm 151.08 2.08 149.40 154.10 
50 mm 152.73 2.75 150.70 156.70 
97 mm 185.05 9.85 177.30 198.30 
144 mm 194.45 8.81 182.80 203.50 
191 mm 157.18 3.20 154.50 161.70 
Table 7 shows the results of the cavitation assessment. The levels of cavitation in the Type IV 
region peaked at 240 cavs/mm2 at a distance of 5 mm below the outer surface of the pipe which 
is typical of that generally seen in service (cavitation usually initiates just below the weld 
capping bead at a depth of 2-3 mm below the pipe outer surface). A cavitation level of 240 
cavs/mm2 is relatively low and could be managed in service with scheduled inspections before 
repair would be required. 
The mid-weld position showed relatively low levels of cavitation close to the outer surface, in 
reality it is difficult to distinguish between reheat cavitation and genuine creep cavitation at 
these levels. 
The levels of parent cavitation were much higher at position I when compared to position IV. 
It is also notable that the levels were consistent throughout the wall of the section, usually it 
would be expected that the levels would be higher at the outer surface of the pipe. 
With reference to Table 2, creep cavity level was assessed as low orientated for replicas I, II, 
and III, and as isolated for replica IV, based on the maximum cavity count in positions 1 and 
2. 
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Table 7. Creep cavity count (in cavs/mm2) from the outer to the inner surfaces of the pipe section. 
 
Replic
a I 
Replica 
II 
Replica 
III 
Replica 
IV 
Position through the 
thickness (mm) 
Parent Weld Type 
IV 
Parent (10 mm from 
Type IV) 
Parent 
60 75 75 60 45 0 
53 75 15 240 60 15 
47 75 45 195 75 15 
40 60 0 105 60 0 
33 75 0 150 30 15 
27 75 0 45 45 0 
20 30 0 150 75 15 
13 30 0 15 30 0 
7 45 0 30 15 0 
0 75 0 45 60 0 
Replica I in Table 7 best correlates with the in-service inspection for location B of Figure 1, 
with creep cavity level assessed as isolated (10-50 cavities). Replica IV best correlate with the 
in-service inspection for location C. The in-service creep replica assessments for locations A, 
B and C were captured in 2009, and in the period until removal in 2014, the service duty 
accrued was an additional 28,997 hours. Hence, based on the surface replicas obtained in 2009 
(Table 1) it is expected that replica position IV will have lower absolute cavity counts than 
replica position I. It is interesting that the intervening 28,997 hours of service has only 
increased the creep cavity assessment level at replica position I from isolated to low orientated. 
This has been summarized in Table 8. The slow rate of parent deterioration observed by replica 
assessment of the parent material in positions B and C suggests that the removal of parent 
material could be considered as premature. 
Cavities in the HAZ of the weld also resulted low orientated, but with a peak of 240 cavs/mm2 
against a peak of 75 cavs/mm2 in the parent material. This emphasises the need to use replicas 
on HAZ regions as a lead position on the weld (which is already standard practice) and the 
potential benefits of more monitoring earlier in life in order to prevent premature replacement 
of the parent material. In order to reduce the rate of damage accumulation and avoid the cost 
of pipework replacement, earlier monitoring could be carried out by use of targeted miniature 
specimen testing. The use of replica count is even more critical for other materials in wide use, 
such as P91 steel, because identifying creep cavities is more difficult and the rate of 
deterioration is faster. 
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Table 8. Summary of replica evolution between inspections in 2009 and 2014. 
Age 
(hrs) 
Position A Position B Position 10 mm from 
Type IV 
Position C 
242,773  Low orientated Isolated Unknown Clear 
271,770 Unknown Low orientated Low orientated Isolated 
3.3 Impression creep tests results 
Figure 11 (a) presents the displacement versus time curves obtained by impression creep tests 
carried out through the thickness of the pipe section (positions 1, 2 and 3 are illustrated in 
Figure 2 (b)) at different stress levels at 575 °C, as summarized in Table 4. Figure 11 (b) shows 
minimum creep strain rates against stress from the impression creep tests and the linear best fit 
used to calculate Norton’s constants, n = 8.3361 and B = 1.009x10-22 (stress in MPa and time 
in hours), which are in line with those found from uniaxial creep tests of similar material [20, 
21]. 
 
Figure 11. (a) Impression creep test output through the pipe thickness at different stresses and under a temperature of 575 °C 
and (b) relatively minimum creep strain rates versus stress. 
Once the material constants n and B are known from impression creep tests, the effective creep 
strain rate, 𝜀?̇?𝑓𝑓, can be calculated through equation (3) for p = 16.8 MPa.  The strain rate at 
the internal radius calculated through equation (3) is 2.34 x 10-8 h-1 that is more realistic than 
the value of 4.2 x 10-8 h-1 available in 2014 (see Section 2.2). Therefore, even though 
impression creep test does not give clear trend of the strain rate through the thickness of the 
pipe section, it can be very helpful in finding n and B. 
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3.4 General comments on the through thickness behaviour 
The through thickness behaviour of the pipe section is summarized in Figure 12, where 
hardness, replica and creep data are plotted against the pipe radius, r. Only parent material is 
considered. The macro-hardness values reported in the figure have been obtained by averaging 
data along the pipe section from Figure 10 (a) and Figure 10 (b) for the inner (r = 0 mm) and 
outer (r = 60 mm) surfaces, respectively. As shown in Figure 12, it is not possible to establish 
a definitive correlation between all of the disparate data collected. 
The through section behaviour revels the following: 
 Creep cavity distribution at replica positions I and III are broadly similar (and relatively 
consistent through section), and reflect parent material regions relatively close to the 
main weld and HAZ which accumulates the greatest through section creep cavity 
distribution. Replica position IV, which is further downstream from the weld, is as 
expected showing a consistent low or clear response.  
 The hardness values through thickness are again relatively consistent, which is reflected 
in the impression creep MSR values taken at three different positions.    
 The impression creep MSR varies as expected in response to the applied stress.   
In fact, at r = 0 mm and r = 60 mm and away from the weld, the material is harder and presents 
no cavities, confirming the theory that the presence of the weld highly affects the creep 
behaviour of the pipe section. Confirmation of that also arise from the microstructure 
investigation, carried out far away from the weld, which showed very small creep damage 
through the thickness of the pipe section. From the present study, there is evidence that the 
parent material at a distance equal or larger than the weld length, including the heat-affected 
zone, in the axial direction is not affected anymore by the weld and could have been left in 
service until the next inspection. 
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Figure 12. Through thickness behaviour of the pipe section. 
3.5 Other ex-service material through section examinations 
Other, but more limited studies, on the through thickness extent of creep cavitation on similar 
age and pedigree parent CrMoV materials has been undertaken. These studies relate to two 
large conventional power plants (stations A and B) in operation in the UK, with original 
operation commencing in the 1968-1970 period. 
Figure 13 shows the through section creep cavity counts obtained for three locations of a main 
steam CMV specimens removed from steam legs A1 and A2 in 2014 after 268,827 hours and 
4133 unit starts. In this case, bend SM23 on leg A1 is in a similar position in the pipe system 
as the tested material in this study. Straight section SM71 on leg A2 is further downstream and 
located in the main vertical leg. 
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Figure 13. Station A, Unit 1, 2014.  Main steam pipe through thickness creep cavity distribution. 
Sections SM23 and SM71 were last inspected in service in 2009 (242,536 hours and 3552 unit 
starts). 
3.6 Summary of through section creep cavity counts  
It is useful to summarise the extent and magnitude of the observed through section creep 
cavitation results from the specimen examined in this study and the other samples examined 
and discussed in Section 3.6. Table 9 provides an overview.  
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Table 9. Summary of extent of through section creep cavitation. 
Station(1) 
and Unit 
Specimen 
Identification 
At Removal Cavitation Extent Peak
(2) Year Hours Starts Within 
outer 
10% of 
wall (6 
mm) 
Within 
first 50% 
of wall (~ 
30mm) 
Beyond 
mid-
section 
A: 1 
Bend SM23 
2014 268,827 4133 
  Yes 200 
Straight SM71   Yes 80 
A: 1 
Straight A(3) 2009 242,536 3552   Yes 184 
Straight B(3)      Yes 216 
Notes 
(1) Station origin defined in section 3.6 
(2) Represents the peak value at any position, apart from the surface value 
(3) Adjacent bends showed evidence of greater distress (onset of surface micro-cracking) 
In terms of the magnitude and through section extent of creep cavitation, parent material in 
bends tends to lead straight sections in terms of risk. There is no discernible relationship 
between the creep cavitation levels observed and the general in-service age (hours and starts) 
logged for each specimen, which is a simplistic but often used measure of life consumed by 
the station. The examination described for specimens in 2009 from station A, Unit 1 (Section 
3.6.4) illustrate not only the circumferential variation in creep cavity count but also the 
differences that can be observed from different and reputable service providers. Hence, in 
practice creep cavity counts are not used to provide a quantitative estimate of the remaining in-
service life of components.   
4 Discussion 
The examination of the ex-service CMV specimen has illustrated the difficulty in correlating 
simple measures of service duty (hours and starts, as used by the station) and the observed level 
of creep damage obtained from surface replicas. Moreover, other studies [22] that have 
scrutinised very large outage inspection datasets have shown that, to date, the correlation 
between creep cavity count and other often used off-load tests, such as surface hardness, is not 
well defined. The ex-service CMV specimen examined in this paper has only shown a relatively 
modest increase in creep damage (Table 8) between two inspection periods, 2009-2014, 
equating to 28,997 hours of service. This is not an unexpected finding for CMV parent material. 
It should be noted that reviews of successive outage inspections and repeat creep replicas show 
very modest increases in creep cavity counts over a typical 20-25Khr operating period. This 
implies that the parent material in this instance was prematurely removed from service and it 
would be expected that at least a further 20-25Khr service could have been achieved. This 
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could be safely managed for example by modestly de-rating the operating temperatures, by 
circa 5-10 °C.   
Table 9 summarises examinations other ex-service CMV specimens, all of a similar age to the 
specimen examined in this paper. Pipe bends might be expected to show greater evidence of 
creep damage; however, the inspections undertaken are quite limited and focussed only on 
through thickness sections originating from the extrados and with no reference to the acting 
pipe system loads, which will likely be greater at bend positions. This emphasises the need to 
correlate any material examinations with measures or estimates of the active in-service loads, 
which can be obtained if periodic hot and cold pipe hanger surveys are undertaken in addition 
to regular surveys of operating temperature and pressure.   
The impression creep tests used material at different positions through the pipe thickness 
(Figure 2) and located between the replica III and replica IV locations identified in Table 7.  
These show generally consistent creep cavity count and hardness values through the thickness, 
illustrated in Figure 12. Importantly the impression creep tests reveal a fairly consistent MSR 
through thickness, and at three different stress levels. 
The condition of the parent CMV material examined is such that it could have been retained in 
service for at least another operating period. 
4.1 Implications  
The examination of the specimen has not identified a notable through section ‘damage’ gradient 
(Figure 12) by impression creep test, hardness test or surface replica. The material is in 
surprisingly good condition considering its long service duty. The comparison with data from 
prior outage examinations has identified a very gradual change in hardness and the level 
ascribed for creep cavitation. Other very extensive surveys of periodic surface hardness and 
creep replica [22] has confirmed a gradual (measurable) change over a typical operating period 
of ~ 20-25Khr for this material. 
The above comparison between ‘measured’ data and ‘predicted’ using the log(MSR) equation 
(7) derived from the impression creep test is an example of how small specimen creep test 
predictions can be used to test the impact and credibility of site operational data and 
measurements. The requirement to use online measurements in comparison with traditional site 
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inspection data, coupled with targeted small specimen test results has been described in detail 
within the context of a new holistic life assessment framework [1].   
The use of impression creep tests in this example, and in conjunction with scrutiny of the 
available information on operating conditions and prior inspections has emphasised the 
importance of adopting a more rigorous approach to condition assessment.  This more rigorous 
approach can be facilitated by the use of small specimen testing and ideally coupled with more 
predictive capabilities provided by computational models [1] and use of on-load data from the 
operating plant.         
5 Conclusions and future work 
The study has emphasised the importance of correlating the operating conditions (temperature 
and stress) with the results from metallurgical examinations and small specimen creep tests. 
The specimen parent material is degrading at an unusually slow rate for this service age and 
can be considered to have been retired from service too early. 
The use of traditional hardness and creep replica methods has revealed relatively uniform 
damage throughout the pipe section. 
Impression creep tests have produced results in agreement with uniaxial tests of similar 
materials [20, 21].  Importantly, extrapolation of the MSR to plant stress levels confirms the 
slow rate of degradation observed from the limited operational data available and detailed 
examination of the parent material. 
The thorough examination of this CMV specimen has confirmed the importance of also 
acquiring the fullest understanding of the operational conditions (temperature and stress). 
Operating stations will not necessarily have the luxury of being able to regularly remove pipe 
sections for through section examination of the nature described in this paper. They will rely 
on limited small specimen sampling from the component surface at various stages through life, 
which therefore provides a reference condition or measurement.      
The current measurement tolerance of the testing machine for ICTs does not allow to obtain 
accurate material data at stresses similar to those applied to in-service components (~ 40-
60MPa) in relatively short duration. Reliable MSRs at those stresses can be acquired through 
27 
 
a best-fit equation by using data at higher stresses, however the design of a smaller testing 
machine is part of the future work of the present authors in order to increase the test reliability. 
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